PZT-epoxy-multiwalled carbon nanotube (MWCNT) flexible thick film actuators were fabricated using a sol-gel and spin coat and deposition process. Films were characterized in terms of their piezoelectric and dielectric properties as a function of MWCNT volume fraction and polarization process. Correlations between surface treatment of the MWCNTs and composite performance were made. The surface morphology and filler distribution were observed with the aid of SEM and TEM images. The volume fraction of PZT was held constant at 30%, and the volume fraction of MWCNTs varied from 1% to 10%. Two forms of dielectric polarization were compared. Corona discharge polarization induced enhanced piezoelectric and dielectric properties by a factor of 10 in comparison to the parallel-plate contact method (piezoelectric strain coefficient and dielectric constant were 0.59 pC/N and 61.81, respectively, for the parallel-plate contact method and 9.22 pC/N and 103.59 for the corona polarization method, respectively). The percolation threshold range was observed to occur at a MWCNT volume fraction range between 5% and 6%.
Introduction
Piezoelectric materials are used as sensors, actuators, and transducers for many applications such as quality assurance [1, 2] , process control [3] [4] [5] , industrial and automotive systems [6] [7] [8] [9] , medical diagnostics [10, 11] , aviation and structural health monitoring [12] [13] [14] [15] , biologically engineered scaffolds [16] , and embedded passive devices in consumer electronics [17] [18] [19] . However, the brittle nature of homogenous ceramic piezoelectric materials limits their operational strains (~8 × 10 −6 to 6 × 10
) [20] [21] [22] , cycle life when subjected to high strain/deformation conditions [23] , and ability to be formed into synclastic and complex forms. These challenges often restrict the use of these materials in advanced applications that require sensors that are electromechanically tuned to host structures, while maintaining high sensitivity and reliability over wide frequency ranges.
Composites comprised of piezoelectric ceramic fillers embedded within a matrix material have been proposed for many applications such as hybrid energy systems [24, 25] , battery separator materials [26] , energy harvesting, energy conversion storage [6, 24, 25, 27] , and capacitors [35, 36] . Two-phase polymer matrix-based composites such as PZT-epoxy [37] , comprised of piezoelectric particles embedded within a continuous polymer matrix, have attracted much attention due to their flexibility, ease of processing, and use in embedded passive devices. Integration of embedded passive components into printed circuit boards generally results in enhanced electrical performance of the device, improved reliability, reduction of device size, faster switching speed, and lower production costs [28] . Piezoelectric polymer composites are promising materials because of their excellent tailored properties [6, 25] . These materials have many advantages including high electromechanical coupling factors [38] [39] [40] , low acoustic impedance [41, 42] , mechanical flexibility [43, 44] , a wide broad bandwidth [45, 46] , and low mechanical quality factor [25, 47] . The mechanical, electrical, and acoustic properties of these materials can also be tailored according to the nature of application as a function of composition of the composite material [48] [49] [50] [51] .
On the other hand, two-phase piezoelectric-epoxy composites suffer from poor electrical, dielectric, and piezoelectric properties due to the insulating nature and low dielectric constant of the epoxy matrix, which decreases the polarization of the piezoelectric phase [52, 53] . The nonuniform distribution of the ferroelectric phase in the polymer matrix can also cause clustering and agglomerations [6, 54] , which can contribute to the insulative nature of the composite.
The electrical properties of the matrix may be enhanced with the incorporation of electrically conductive inclusions [28, 55] such as carbon nanotubes (CNTs) [32, 56] . The mechanical and electrical properties of typical filler materials are presented in and compared to the properties of carbon nanotubes in Table 1 . Many researchers have reported that the conductivity of the matrix component of the composite is enhanced by inclusion of electrically conductive fillers [57, 58] . However, less is known about interrelationship between the composite processing technique and the morphology and properties of the electrically conductive particles, which dictate the effective piezoelectric and dielectric properties of the composite material [6, 32] . Furthermore, the inclusion of electrically conductive fillers leads to additional concerns such as the percolation of the conductive filler [40, 59, 60] , which is dictated by the distribution of the filler within the matrix and the aspect ratio of the filler as indicated by the variability in percolation values indicated in Table 2 .
In this work, the mechanisms that influence the piezoelectric and dielectric properties of three-phase composites (PZT, epoxy, and MWCNTs) are investigated as a function of the volume fraction of MWNTs with the aim at understanding the influence of polarization technique and percolation range on the aforementioned properties. The films were characterized in terms of their dielectric spectra, piezoelectric strain coefficients, dielectric loss (tan δ), and impedance spectra. And the distribution of the fillers in the matrix, interfacial phase interactions, and preprocessing of MWCNTs and PZT were also studied with the aid of a scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images to ascertain the degree of separation of particles, particle morphology, composite porosity, and agglomeration. Table 2 : Variation of percolation threshold with the variation in aspect ratio of the electrically conductive inclusion (CNTs).
Electrically conductive filler (aspect ratio (AR)) Composite (fabrication method) Percolation (volume fraction %)
MWCNT (AR = 400) [72] MWCNT-PVDF (sol-gel and hot molding) 1.0% MWCNT (AR~100) [72] MWCNT-PMMMA (compression molding) 2.4% SWCNT (AR~100) [34] SWCNT-PMMA (compression molding) 3.4% SWCNT (AR~1000) [73] SWCNT-PZT-PMMA (solution casting) 0.8% CNT (AR~100) [74] CNT-Alumina (colloidal processing) 2.2% MWCNT (AR~100) [75] MWCNT-Epoxy (sol-gel sintering) 2-2.75% Double-walled CNTs (AR > 1000) [76] CNT-Epoxy (vacuum sintering) 0.25% MWCNT (AR > 100) [60] MWCNT-Epoxy (sol-gel sintering) 2.5% CNT (AR~200-1000) [77] CNT-Epoxy (sol-gel sintering) 0.5-1.5% MWCNT (AR~1000) [78] MWCNT-Epoxy (sol-gel sintering) 0.8%
MWCNT (AR~500-2000) [79] Carbonized MWCNT/resorcinol-formaldehyde xerogels (sol-gel polymerization) 1.6-3.18%
MWCNT (AR~62) [80] MWCNT/thermoplastic elastomer (melt blending) 9.0% MWCNT (AR~116) [80] MWCNT/thermoplastic elastomer (melt blending) 10% MWCNT (AR~437) [80] MWCNT/thermoplastic elastomer (melt blending) 3.5% (1−x) )O 3 ; 855, Navy VI) (purchased from APC International), and a twopart epoxy-DGEBA, Epofix™ cold-setting embedding resin (purchased from Electron Microscopy Sciences), were fabricated via a modified sol-gel and spin coat and deposition process onto stainless-steel bottom electrodes. The cold-setting resin was a two-part epoxy that consisted of a bisphenol-A-diglycidylether-based resin and a triethylenetetraminebased hardener. The average aspect ratio of the MWCNTs was determined from TEM images to be~461. The piezoelectric, dielectric, and physical properties of the PZT and epoxy are presented in Table 3 .
Methodology

Composite Film
Preparation. An overview of the thick film fabrication process is provided in Figure 1 . It is well known that the distribution of dielectric fillers and conductive fillers within an insulative matrix influences the macroscopic dielectric and piezoelectric characteristics of the thick composite films [32, 35, 37, 31] . Hence, the PZT and MWNT fillers were preprocessed. The PZT filler was preprocessed using the method described in [30] and then mixed with the bisphenol-A-diglycidyl ether part of the two-part epoxy and sonicated for four hours. A study was performed to ascertain the appropriate sonication time for the surface treatment of the MWCNTs in ethanol (200 proof, Sigma-Aldrich) in the ultrasonicator (procedure described in Section 2.3). After the MWCNTs were surface treated, they were mixed with the mixture of PZT and epoxy, thus forming the sol (nonmacroscopic particles in solution) and a gel (bushy structures as clusters and agglomeration pockets of PZT-epoxy and MWCNTs). The organic residues that were left behind by the gradual evaporation of the ethanol bound the different phases in the mixture during the desiccation step that occurred for four hours. The binder component of the epoxy was then added to the mixture, and the solution then sonicated for an additional half hour. The sol-gel formed was spin coated onto a stainless-steel substrate using the Laurell WS-650-23NPP spin coater. The stainless-steel substrate was 1.5 cm × 2.5 cm and 20 μm thick. The spin coat process included incremental increases by 100 rpm, until a final speed of 1000 rpm was achieved. The substrate is coated with a three-phase PZT-Epoxy-MWNCT composite material of thickness~150 μm. The film was then allowed to cure on a hot plate at 75°C (glass transition temperature of the epoxy) for eight hours and then subsequently polarized via a parallel-plate contact or a corona discharge method. The volume fraction of PZT was held constant at 30%, while the volume fraction of MWCNTs varied from 1.0% to 10% to optimize and to identify the percolation threshold. The piezoelectric strain coefficients, d 33 and d 31 , dielectric and impedance spectra, and conductivity were determined as a function of polarization process, i.e., contact parallel plate or corona plasma and volume fraction of MWCNTs.
The parallel-plate contact polarization method was achieved by placing the film in between the top and the ground base plates in a dielectric medium (silicone oil) as shown in Figure 2 and applying an external electric field of 2.2 kV/mm. The composite is heated to the glass transition temperature of the matrix phase, and an electric field is applied at the electrodes. The corona discharge polarization method is shown in Figure 3 . This process involves the application of an electric field via a needle that is held at a certain distance away from the composite material. A voltage is applied to the needle and the base (ground) plate, which is heated to its glass transition temperature of the epoxy. When the needle reaches the ionizing potential of the surrounding air, ionic species are generated and attracted towards the ground base plate. When a sufficient surface charge density is reached, the ions flow towards the base plate through the thickness of the composite material leading to the polarization of the dielectric film.
Surface Treatment of MWCNTs.
A study to examine the amount of time required to separate the agglomerated MWCNTs, which arrive clumped together and attached to a cathode, was performed. The MWCNTs received from the manufacturer are cathode deposited and in the form of pellets. SEM and TEM micrographs of the MWCNTs were used to determine the optimal time for minimal agglomeration of MWCNTs and maximum dispersion of MWCNTs within the epoxy matrix. Thus, the MWCNTs were dispersed in ethanol and sonicated for specified amounts of time, (30 minutes, 2, 3, and 4 hours) and then deposited on the SEM studs and TEM grids. After the ethanol evaporated, images of the MWCNTs were taken. In addition, samples that were made using MWCNTs sonicated at the different times were fabricated and analyzed with the aid of SEM and TEM images. The SEM micrographs can be used to visualize the dispersion of the MWCNT clusters. The appropriate sonication time was determined by examining the average particle size and separation of particles with the aid of the SEM images. The high-resolution TEM images give insight into the size, shape, and morphological structure of the MWCNTs after exposure to ethanol and sonication for specified amounts of time.
Sample Characterization.
A piezometer was used to measure the dielectric constant, dielectric loss tangent, and the piezoelectric strain coefficients (d 33 and d 31 ) at a frequency of 110 Hz. Impedance spectroscopy and dielectric spectroscopy of the bulk and thick film composites are performed by using the HP4194A Impedance Analyzer at varying frequencies from 100 Hz to 20 MHz. The fractured surface morphology and electron dispersion spectroscopy (EDS) of the samples are studied with the help of the scanning electron microscope (FESEM ZEISS 982) and the field emission transmission electron microscope (TEM JEOL 2010F).
Results and Discussion
SEM and TEM Characterization of MWCNTs and
Composite Films. The appropriate sonication time for the surface treatment of the MWCNTs in ethanol was determined by examining the average particle size and separation of particles using SEM micrograph images and TEM images. MWCNTs that were produced by arc discharge cathode deposition were ultrasonicated in 40 ml of ethanol for time intervals equal to 30 minutes, 2 hours, 3 hours, 4 hours, and 8 hours. The surface-treated MWCNTs were then incorporated into 0-3-0 composite films having 3%, 6%, and 9% volume fraction of MWCNTs.
MWCNTs that were treated for 30 minutes in ethanol and the associated piezoelectric composite films are shown in Figure 4 . In Figure 4 (a), MWCNTs that were surface treated for 30 minutes in ethanol are shown at a magnification of 2.41 K. It is evident that the degree of vibration energy was not sufficient enough to deagglomerate the MWCNT clusters that are held together by van der Waals forces. Hence, as expected, the MWCNTs remained agglomerated (>20 μm in scale) throughout the fabrication process described in Figure 1 , where films comprised of 3%, 6%, and 9% which are shown in Figures 4(a)-4(c) ), respectively. The average agglomeration size for each volume fraction was determined with the aid of ImageJ software for 3%, 6%, and 9% volume fraction of MWCNTs, respectively, as indicated in Table 4 . SEM images of ethanol surface treatment for 2 hours, 3 hours, 4 hours, and 8 hours are shown in Figures 5-8 . The degree of MWCNT agglomeration decreases as a function of ultrasonication time in ethanol from 30 minutes to 4 hours as indicated by the SEM images and particle average size range provided in Table 4 . The degree of MWCNT separation reaches a plateau beyond 4 hours as shown in Table 4 and through the observation of composite films in Figures 4-8 .
An image analysis of MWCNT clusters in Figure 4 indicates that the average size of the clusters are 50, 60, and 65 μm, for volume fractions of 3%, 6%, and 9%, respectively. In Figure 5 , the dispersion of the MWCNT pellets after ultrasonication in ethanol for 2 hours is depicted, where the Journal of Nanomaterials average cluster size is~15 μm,~16.7 μm, and 17.5 μm for volume fractions of 3%, 6%, and 9% of MWCNTs, respectively. As expected, the average particle cluster size decreases as the sonication time increases from 30 minutes to 2 hours. Similarly, the size of the MWCNT cluster size continues to decrease with sonication time as it is increased from 2 hours to 3 and then 4 hours. Figure 6 depicts the dispersion of the MWCNTs within the composite film, where the MWCNTs were treated with ethanol for 3 hours. The average MWCNT cluster sizes were 1.25 μm, 1.36 μm, and 1.44 μm, for MWCNT volume fractions of 3%, 6%, and 9%, respectively, as indicated by the ImageJ software. The images also indicate that for higher volume fractions of MWCNTs, more aggregated clusters of nanotubes are present. Extension of the ultrasonication time from 3 hours to 4 hours leads to reduced agglomerations of the MWCNTs as shown in Figure 7 . The dispersion of MWCNT bundles that have been ultrasonicated in ethanol for 4 hours is shown in SEM micrographs in Figure 7 .
Image analysis indicates that the sizes of the particle bundles in Figure 7 are 326 nm, 340 nm, and 345 nm for MWCNT volume fractions of 3%, 6%, and 9%, respectively. An analysis of the SEM micrographs in Figure 8 at a sonication time of 8 hours shows that the average size of the MWCNT bundles is similar to the values in Figure 7 , where, for a sonication time of 8 hours, the nanocluster sizes are 338 nm, 347 nm, and 347 nm for MWCNT volume fractions of 3%, 6%, and 9%, respectively. The similarity of values between ultrasonication times of 4 and 8 hours confirms that the ultrasonic time for the ethanol treatment of the MWCNTs is 4 hours. Hence, a sonication time of 4 hours was used for the surface treatment of MWCNTs.
The transmission electron microscope (TEM) images are also provided to observe the size and aggregated masses of MWCNTs. TEM images of MWCNTs that have been subjected to a 4-hour ethanol ultrasonic bath are shown in Figure 9 . The diffraction patterns in this figure show the presence of multiple rings, namely, 4 rings, which can be [81, 82] . TEM images of the composite that is comprised of a MWCNT volume fraction of 0.06 (6%) are depicted in Figure 10 . In Figure 10 (a), a diffraction pattern of the MWCNTs is shown, where the rings and spots are similar to those observed in Figure 9 . In Figure 10 (b), a TEM micrograph of the composite thick film is depicted, which shows three MWCNTs embedded in the epoxy matrix alongside polycrystalline PZT inclusions. The MWCNT inclusions shown in Figure 10 (b) appear to be twisted and curled due the stresses developed during the sol-gel mixing and the spin coating processes.
Three-phase thick films with MWCNT volume fractions equal to 4% and 6% are shown in Figure 11 . Figures 11(a) and 11(b) depict SEM micrographs of the fractured surfaces of the composite thick films, which indicate adhesion of the film onto the stainless steel and fairly smooth surfaces. In Figures 11(c) and 11(d) , SEM micrographs of the piezoelectric composite are shown, where the PZT circular-shaped clusters and smaller bundles of MWCNTs are seen to be distributed in the epoxy matrix.
Piezoelectric, Electrical, and Dielectric Characterization.
The piezoelectric and dielectric characteristics of the threephase PZT-Epoxy-MWCNT thick film composites were examined with the aid of a piezometer and a HP4194A impedance analyzer. Films were polarized via the parallelplate contact or the corona plasma discharge method. The thick films were correlated to the physical properties described in Section 3.1. Journal of Nanomaterials
The capacitance and effective dielectric constant films (volume fraction of PZT = 30%) that were polarized using the contact method are plotted as a function of MWCNT volume fraction in Figures 12 and 13 . From these figures, it can be seen that the capacitance and the dielectric constant of the thick films increase with the increase in the volume fraction of the MWCNT inclusions. For example, the capacitance and dielectric constant are~3 pF and~39 and~5 pF and 61 for MWCNT volume fractions of 1% and 5%, respectively. The dielectric loss (tan δ ) of the composite is plotted as a function of MWCNT volume fraction in Figure 13 . The value of tan δ increases moderately from 0.025 to 0.035 for an increase in MWCNT volume fraction from 1% to 5%, and substantially from 0.035 to 0.085 at a MWCNT volume fraction of 6%. These increases in the dielectric constant and dielectric loss are attributed to the higher volume fraction of MWCNTs. The higher density of MWCNTs enhances the electron transport due to the formation of conductive pathways within the matrix, which enhances the effect on the polarization process. Similarly, the piezoelectric strain coefficients, d 33 d 31 ) with the increase in the MWCNT volume fraction can be attributed to the increase in polarization of the thick film composite due to the increased conductivity by the MWCNT inclusions as confirmed in Figure 18 .
On the other hand, d 33 and d 31 drop to~0.09 pC/N and d 31~0 .20 pC/N, respectively, after the volume fraction of MWCNTs increases to 6%. A sharp rise in tan δ from 0.03 to~0.08 is also observed for a change in MWCNT volume fraction from 1% to 5%. This increase is also coupled with a steep increase in the capacitance and dielectric constant, i.e., from~5 pF and~61 to~6 pF and~76, respectively. This may happen due to electron tunneling along localized conductive pathways formed by MWCNT agglomerations along the thickness of the composite thick film. 
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This phenomenon is observed in the three-phase composite micron-sized film around a MWCNT volume fraction of around 5-6%. This is also indicated by the sharp increase in the tan δ which is caused by a sharp rise in conductivity due to the MWCNT conductive pathways.
Capacitance, ε ′ , and tan δ values of the PZT-Epoxy-MWCNT composite with corona discharge poling are plotted as a function of increasing values of MWCNT volume fraction in Figures 15 and 16 . This trend is similar to the trend observed for the contact polarized samples. For example, the capacitance and dielectric constants increase from 6 pF and~70 to~9 pF and~115 for an increase in MWCNT volume fraction from 1% to 5%. For MWCNT volume fractions between 6% and 10%, a nearly linear positive relationship exists. For example, as the MWCNT volume fraction increases from 1% to 10%, the capacitance and dielectric constant increases from~3 pF and~50 to~5 pF and~68. The tan δ values also increase with MWCNT volume fraction. For example, tan δ increases from~0.001 to~0.004 for a change in MWCNT volume fraction from 1% to 5%, and then from~0.013 to~0.023 for MWCNT volume fractions of 6% and 10%, respectively, as shown in Figure 15 . d 33 and d 31 values of the corona polarized composites are plotted with increasing MWCNTs as shown in Figure 17 . For example, the longitudinal and transverse piezoelectric strain coefficients are d 33~6 pC/N and d 31~3 pC/N to d 33 11 pC/N and d 31~9 pC/N for MWCNT volume fractions of 1% and 5%, respectively. Similar to the contact polarized samples, the piezoelectric strain coefficients of the corona polarized samples sharply decrease from a volume fraction of 5% to 6% for the MWCNTs, i.e., d 33~8 pC/N and d 31~3 pC/N. The same change in MWCNT volume fraction causes sharp increases in the capacitance and dielectric constant values, i.e., C~18 pF and ε ′~1 80, respectively. These changes indicate that the location of the percolation threshold is around this region.
These results indicate that the corona polarization technique is more effective than the contact polarization method for the nanocomposites. This can be seen by the enhanced values of ε and the strain coefficients d 33 and d 31 for all volume fractions of MWCNT ranging from 1% to 5% (below the percolation threshold). The increase in the strain coefficients is due to the increase in effectiveness of the polarization process. The dielectric constant, which is measured in Journal of Nanomaterials the 33-direction, is also enhanced due to the increase in the number of the dipoles aligned along the 33-direction.
The conductivity values for bulk and thick film composites of the same composition are shown in Figures 18 and 19 for contact and corona polarized composites, respectively. The conductivity increased with the volume fraction of the MWCNTs, which is due to the increase in the formation of conductive pathways in the composite and electron transport through electron tunneling in the composites. In Figure 18 , an increase in the conductivity values is seen for the contact polarized composites, for a change in MWCNT volume fraction from 5 to 6%, i.e., from 0.10 to 0.25 μS/m and 0.0.07 to 0.16 μS/m for the bulk and thick film composites, respectively. Also, in Figure 19 , a similar sharp increase in conductivity occurs from 0.17 to 0.69 μS/m and from 0.10 to 0.77 μS/m for the bulk and thick films, respectively, for a change in MWCNT volume fraction from 5 to 6%. This marked increase in the conductivity of both bulk and thick film composites indicates that they reach the percolation region around a MWCNT volume fraction of 5-6%. This is evidenced by an increase in the dielectric constant and the piezoelectric strain coefficients with an increase in the volume fraction of the MWCNT inclusions below the percolation limit and sharp increase in the dielectric constant, and the dielectric loss is observed due the formation of percolation pathways in the composites. A comparison of piezoelectric and dielectric properties based on corona and contact 11 Journal of Nanomaterials poling shows that the corona discharge polarization is more efficient than the contact poling method.
Conclusions
Nanocomposite thick films have been fabricated that include piezoelectric PZT, epoxy, and MWCNTs. An investigation of the surface processing of the MWCNTs and polarization technique was explored. It was determined that the corona polarization technique was more effective than the contact polarization process. Sharp decreases in the impedance and sharp increases in the conductivity of the composites indicated the percolation region. The percolation region was similar to that observed by Shehzad et al. [80] . Interfacial interaction plays a major role in determining the material properties of the thick film composites [83] , wherein the addition of PZT and MWCNTs enhances the interfacial contact resistance that leads to increases in the capacitance and ultimately the permittivity of the composites. Microstructural interactions such as these between the conductive Figure 18 : Conductivity measurements at 2 kHz for (A) corona poled and (B) contact poled bulk and thick film composites show a sharp rise in the values around a MWCNT volume fraction change from 5 to 6% which is predicted to be the region of percolation threshold from the previous piezoelectric and dielectric characteristics of the composites. Figure 19 : Conductivity measurements at 2 kHz for (A) corona poled and (B) contact poled bulk and thick film composites show a sharp rise in the values around a MWCNT volume fraction change from 5 to 6% which is predicted to be the region of percolation threshold from the previous piezoelectric and dielectric characteristics of the composites. 12 Journal of Nanomaterials inclusions, the matrix material, and the piezoelectric phase [32, 41] influence the effective properties of the composite.
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